oligo(tetrafluoroethylene) telomer are presented. These polymers were prepared, from α,ω-dipropargyl ether bisphenol AF and 1,10-diazido-1H,1H,2H,2H,9H,9H,10H,10H-perfluorodecane, in 62 % overall yields, via the azide/alkyne "Click" reaction and/or oxidative coupling of acetylenes (Hay reaction). The latter reactant was produced from the ethylene end-capping of oligo(tetrafluoroethylene) followed by a nucleophilic substitution with sodium azide. A simple tuning of the reaction conditions allowed us to direct the originally favored "Click" reaction towards a competitive homocoupling of the terminal alkynes, thus leading to copolymers with drastically different structures, as evidenced by size exclusion chromatography, DSC RAMAN and UV-vis spectroscopy. Hence, original poly(alkyl aryl) ether copolymers with a high thermal stability (higher than 300 °C) that exhibit alternating statistic or block microstructures were obtained.
INTRODUCTION.
Over the past decades, fluoropolymers have been attractive in the development of advanced materials endowed with high thermal and oxidative stabilities, chemical inertness and superior electrical insulating ability for high tech applications such as thin film coatings, cladding for optical fibers, membranes for fuel cells, separators for lithium ion batteries. [1] [2] [3] Meanwhile, efforts have been made to develop thermally curable materials based on propargyl methacrylate 4 and linear polymers of propargyl derivatives of bisphenol. [5] [6] [7] Dipropargyl ether of bisphenol A and its B-staged materials have been attractive substitutes for epoxy resins involved in advanced composites, adhesives, coatings and for electronics applications. [8] [9] [10] In fact, the obtained resins exhibit thermoset characteristics, excellent thermal stability (around 350 °C), low dielectric constants (ca. 2.77) and are highly hydrophobic matrices.
Furthermore, it is known that terminal acetylenes that have propargyl groups are able to undergo an oxidative homocoupling. 11 One of the main methods to obtain oligo-or polyacetylene consists in achieving such homocoupling via Hay's protocole 12a-b (Scheme 1). This coupling is based on dimerization through oxidation of copper (I) acetylides species by copper (II). The use of aminated bidendate ligands such as N,N,N,N'-tetramethylethylene diamine 11b (TMEDA) or 2,2'-bipyridine 13 (bpy) enables the formation of copper (I) acetylide species. On the other hand, the ligand creates a bridge between copper (I) and copper (II) that favors electron transfer and thus increases the kinetics of the coupling. Indeed, acetylenic coupling is currently a powerful tool in molecular 14 and macromolecular designs. 15 Acetylenic groups have also been involved in various reactions, and recently Sharpless' group 16 has popularized the azide/alkyne "Click" reaction. This reaction is a variation of the Huisgen 1,3-dipolar cycloaddition reaction between terminal acetylenes and azides catalyzed by an organometallic complex. Different mechanisms of this reaction have been proposed. A recent one was suggested by Bock et al 17 who reported that "Click" reaction is a multistep 1,4
regio specific reaction involving the formation of complexes of copper (I) acetylide. The kinetics of this reaction [18] [19] [20] have shown that it was of second order with respect to the copper concentration when the metal is used in catalytic amounts. Usual catalytic systems are aromatic and aliphatic aminated ligands. [21] [22] [23] [24] [25] This methodology has been successfully applied in organic chemistry, [26] [27] supramolecular chemistry [28] [29] [30] and materials Science, [31] [32] leading to interesting materials: dendronized polymers, [31] [32] [33] [34] conjugated polymers, 35 or incorporation of 1,2,3-triazole ring into polymers by grafting. [36] [37] [38] [39] [40] [41] [42] Only a few groups have studied the incorporation of 1,2,3-triazole ring into the backbone of linear polymers by polycondensation. [43] [44] [45] [46] [47] [48] [49] [50] [51] When the respective mechanisms of Hay coupling and "Click" reaction are compared, it appears that in a system where both end-groups are present, the course of the reaction depends on various experimental conditions: (i) the presence or lack of oxygen, (ii) the copper (II) salt concentration, and (iii) the nature of the copper ligand. Under regular "Click" reaction conditions (traces of oxygen, addition of an appropriate reducing agent and aliphatic aminated ligand, such as N,N,N',N",N"-pentamethyldiethylenetriamine, the "Click" reaction is much faster than Hay coupling and the latter is generally not observed.
Recently, Cummins et al. 52a have reported that in the course of the grafting of polystyrene chains bearing alkyne functions by "Click" reaction onto a surface bearing azide groups, the coupling of these chains via the formation of diacetylenic segments occurred. in DMF (polymer dissolved readily in DMF leading to a clear solution). The molecular weights and polydispersity indices were assessed using the Waters Breeze ® software package.
The system was calibrated by using commercially available monodispersed poly(styrene) standards from Polymer Laboratories.
The Raman spectra, were recorded on a Labram Aramis Horiba Jobin Yvon with IR 2 option (Excitation wave length 633.5 nm). The microscope lens was a LWD Olympus (X50). The spectral resolution was 1.6 cm -1 .
The study of the thermal cross-linking of polymer (4) was performed by means of a Perkin
Elmer-UV20 spectrometer with a scan speed of 480 nm per minute. Polymer (4) was dissolved in THF (2 mg/ mL) andthe solution was spread on a quartz substrate and then spin coated on a Karl Suss Technique SA apparatus (CT60 model) (acceleration of 1000 rpm, a spinning speed of 1500 rpm for 30 s) to produce thin films (~1 µm thick) for the UV analysis.
Differential scanning calorimetry (DSC) analyses were carried out with a Perkin Elmer Pyris 1 DSC apparatus under nitrogen atmosphere at a heating rate of 20 °C/min. DSC system was first calibrated in temperature using indium and n-hexane. The sample was heated from -150 to 220 °C, followed by a cooling step and then a heating step again. 
Synthesis of poly(1,10-triazolofluorodecane-co-methyleneether hexafluorobisphenol AF)
Copolymer (1). To a 100 mL three-neck round-bottom flask equipped with a magnetic stirrer, were added copper bromide (57.1 mg, 0.4 mmol) and 2,2'-bipyridine (bpy) (141.7 mg, 0.8 mmol). The flask was sealed with three septa and the suspension was purged with dry nitrogen for 60 min. In experiment 1 ( Table 2) 
Copolymer combining "Click" reaction and Hay Coupling (4).
A 100 mL three-neck round-bottom flask equipped with a magnetic stirrer was filled with a mixture of copper (I) 
RESULTS AND DISCUSSION

Monomer Synthesis
Telechelic α,ω-dipropargyl ether hexafluorobisphenol AF (A) was prepared in satisfactory yield from propargyl bromide and hexafluoro bisphenol AF as reported by Dirlikov et al. 
(B).
Insert Table 1 The Cummins et al. 52a reported that during the grafting of polystyrene derivative (in a confined medium) onto a surface by "Click" reaction, a homocoupling (Hay Coupling) of the terminal alkynes was also observed. Starting from this statement, we have decided to determine the required experimental conditions to promote further the homocoupling of alkyne moieties in (A) with the objective to produce a block copolymer. Hence, it was of interest to investigate a series of reactions in which the experimental conditions were carefully selected to favor one reaction with regards to the others (Table 2) . Table 2 are presented in Figure 1 . When r = 0.97 and p = 1 (excess of telechelic diazido compound), i.e. Experiment 1 (Table 2) , the corresponding theoretical DPn value is 65. As the average molecular weight of monomeric unit is 426 g/mol, the resulting theoretical Mn value for r = 0.97 is 28,000 g/mol, which is in close agreement with the experimental value of 37,000 g/mol. To confirm the high molecular weight of copolymer (1), the intrinsic viscosity was assessed in acetone at room temperature, giving 0.40 dL.g -1 . This value confirms that "Click" reaction was very efficient, in spite of the excess of (B) with respect to (A) (r = 0.97).
However, the correlation of intrinsic viscosity with molecular weight for this original linear polymer could not be achieved by the Mark and Houwink equation since K and α parameters have not been reported. In this case, the polycondensation seems to proceed via azide/alkyne "Click" reaction as displayed in Scheme 3, and copolymer (1) is expected to exhibit a microstructure based on alternating aromatic and fluorinated units, bearing azido end groups. 
azide/alkyne "Click" reaction Scheme 3. Polycondensation reaction between α,ω-dipropargyl ether hexafluoro bisphenol AF (A) and a slight excess of telechelic fluorinated diazido (B) following the azide/alkyne "Click" reaction mechanism.
The 1 H and 13 C NMR of copolymer (1) were consistent with the proposed structure ( Figure S5 and S6 in ESI). The triazole ring formation was evidenced by the presence of characteristic signals at 8.5 ppm ( 1 H NMR) and at 144.1 and 125.3 ppm ( 13 C NMR). 58 Furthermore, strong low-field shifts of the aliphatic protons were noted for both precursors in the 1 H NMR spectrum. For example, the methylene groups of the fluorinated diazido reactant shifted from 3.6 to 4.9 ppm and from 2.3 to 3.0 ppm in polymer (1). Similarly, the singlet attributed to the methylene group in CH 2 O underwent a low-field shift from 4.9 to 5.3 ppm after copolymerization. RAMAN spectroscopy provided additional structural evidence (Figure 2 b) , with bands at 971, 1253, 1384 and 1487 cm -1 that are characteristic of the triazole ring stretch. 59 No signal assigned to the triple bond vibration of acetylene moieties 54 was observed at 2133 cm -1 .
In Experiment 2, a small excess of α,ω-dipropargyl ether bisphenol AF (A) was added with respect to 1,10-diazido-1H,1H,2H,2H,9H,9H,10H,10H-perfluorodecane (n α,ω-dipropargyl ether bisphenol AF / n 1,10-diazido-1H,1H,2H,2H,9H,9H,10H,10H-perfluorodecane = 1.01 and r = 0.99). The theoretical value of the average degree of polymerization assessed by the Flory equation was 199, leading to a theoretical Mn value of 85,000 g/mol. The SEC chromatogram (Figure 1-2) showed the presence of a polymodal distribution covering a wide range of molecular weights (from 50,000 to more than 200,000 g/mol). The high molecular weight of copolymer (2) was further confirmed by a higher intrinsic viscosity value of 0.60 dL.g -1 (Experiment 2, Table 2 ). Here, a strong discrepancy between theoretical and experimental Mn values is observed. To explain this result, the reaction pathway depicted in Scheme 4 is proposed. The excess of (A) allows some Hay acetylenic homocoupling between the terminal alkyne groups of the copolymers generated by "Click" reaction. As a result, a high molecular weight copolymer exhibiting an original microstructure with bridging bisacetylene segments randomly distributed along the copolymer chain may be obtained. were not detected, probably due to the expected low content of such isolated bridging units with regards to the high molecular weight of the copolymeric chains. Also, to evidence the presence of diacetylenic units, copolymer (2) was characterized by RAMAN spectroscopy.
Besides the signals observed in the range 971-1500 cm -1 and at 1600 cm -1 attributed to triazole ring stretch 59 and aromatic ring stretch, 54 respectively, the RAMAN spectrum ( Figure   2 .c) showed, a signal at 2264 cm -1 , which may be assigned to the triple bond vibration of diacetylene moieties. [60] [61] No signal at 2133 cm -1 , characteristic of the triple bond of terminal acetylene, 54 was noted. To further demonstrate that Hay Coupling may indeed occur in such an oxygen poor atmosphere, a third reaction was carried out in the absence of bisazido compound (Experience 3, Table 2 ), under conditions similar to those used for the azide/alkyne "Click" reaction in The 1 H and 13 C NMR spectra of homopolymer (3) were consistent with the assigned structure.
No residual ethynyl protons due to unreacted acetylene groups were observed for the polymer The presence of a band at 2264 cm -1 in the RAMAN spectra of both copolymer (2) and homopolymer (3), which is assigned to diacetylenic moieties, brings evidence that some acetylene homocoupling occurred during the synthesis of copolymer (2) . The difference of intensity of this characteristic signal observed between the two spectra is representative of the low content of such isolated bridging units in copolymer (2) with regards to the high molecular weight of the copolymeric chains. Hence, it is worth considering that Hay Coupling occurred as a side reaction (Scheme 4, second step) when the "Click" reaction was carried out with an excess of alkyne as in the case of Experiment 2, in agreement with the work of
Consequently, these first three experiments (Table 2) acetylide species. 14 Hence, experiment 2 was repeated in the presence of oxygen and a copper (II) salt to favor Hay homocoupling (experiment 4, Table 2 ). A small excess of α,ω-dipropargyl ether bisphenol AF (A) was added with respect to 1,10-diazido-1H,1H,2H,2H,9H,9H,10H,10H-perfluorodecane (B) (n α,ω-dipropargyl ether bisphenol AF / n 1,10-diazido-1H,1H,2H,2H,9H,9H,10H,10H-perfluorodecane = 1.01 and r = 0.99). The suspension was purged with dry nitrogen for 10 min (Experiment 4, Table 2 ). Interestingly, the SEC chromatogram ( Figure 3) exhibited a quasimonomodal distribution centered at Mn = 60,000 g/mol with a polydispersity index of 1.8 (polystyrene standards), as opposed to the multimodal distribution observed in Experiment 2. The corresponding value of intrinsic viscosity obtained was 0.43 dL.g -1 .
Figure 3.
Size exclusion chromatogram of copolymer (4) (Experiment 4, Table 2 ).
The differences in molecular weight distributions observed by SEC between polymers (2) and 
Thermal properties
In the attempt to provide further evidence of the formation of blocks in polymer (4) in contrast to polymers (1) or (2), the thermal behaviors of the four polymers were investigated by differential scanning Calorimetry (DSC). The corresponding DSC thermograms are displayed in Figure 4 .
All polymers were amorphous. Copolymers To confirm the thermal cross-linking of diacetylenic moieties in copolymer (4), ultraviolet absorption spectra were recorded before and after thermal curing. In the UV spectrum of the uncured film, the presence of diacetylenes units was evidenced by an absorption band at 254 nm. 66 The signals observed at 260 and 279 nm were assigned to triazole ring, 67 while no absorption bands in the visible region were noted.
Wavelength (nm)
Absorbance (A.U.) Figure 5 . UV spectra of copolymer (4) prior to thermal curing (dotted line) and after 15 min of thermal curing at 170 °C (solid line).
After heating to 170 °C for 15 min, a new absorption band appeared in the spectrum as a broad signal centered at 470 nm, while the band at 254 nm vanished. This was concomitant with a drastic color change from colorless to dark red, which is known to result from π-delocalization along the cross-linked diacetylenes network. 68 These additional thermal properties are consistent with the block structure of copolymer (4), as depicted in Scheme 6.
Thermo-oxidative stability
Thermal stabilities of copolymer (1) and homopolymer ( Thermal gravimetric analysis of copolymer (1) obtained under air (Figure 6 -a) indicated that these original copolymers had a good thermo-oxidative stability with a weight loss starting at around 270 °C. Two stages were observed in the thermal decomposition. The first step from 300 to 473 °C corresponded to a 40 wt. % loss and could be attributed to the loss of aliphatic segments due to the cleavage of the CH 2 -N bonds, which has been previously reported to occur at 360°C, by Hans et al. 69 and by Gaur et al. 70 Above 473 °C, the degradations of both aryl moities 71 and of the triazole ring 72 were observed, with a complete decomposition reached at 520 °C.
The thermal degradation trace for copolymer ( The TGA thermogram for homopolymer (experiment 3, Table 2 ) under oxygen atmosphere is presented in Figure 7 . As expected, the thermal stability of the homopolymer was higher than that of copolymer (1), as justified by its aromatic backbone. A single weight loss was observed (10 wt. % loss reached at about 550 °C) and corresponded to the thermal full degradation of the polymeric chain. The results of thermal analysis demonstrated that these original polymers exhibit high thermooxidative stabilities under air.
Conclusions.
Original fluorinated copolymers containing triazoles and based on oligo(tetrafluoroethylene)
were synthesized by condensation via azide/alkyne "click" reaction between a telechelic aryl diyne and a fluorinated telechelic diazido compound. The latter was synthesized in two steps from the bis(ethylenation) of the α,ω-diiodo fluorinated telomers followed by a nucleophilic substitution of iodine atoms by sodium azide. This polycondensation was simple, clean, occurred in mild conditions and led to high yields.
However, under low oxygen amount and in the absence of copper II reductive agent, the homocoupling of terminal alkynes in polycondensates obtained by "Click" reaction occurred when the alkyne concentration was higher than that of azide. The presence of isolated diacetylenic units was demonstrated by the presence of a signal at 2264 cm -1 in the RAMAN spectra of the obtained copolymers. This side reaction enabled us to produce high molecular weight-copolymers (> 200,000 g/mol) via bridging central diacetylene units.
Furthermore, in the presence of oxygen, 2,2'-bipyridine as the ligand and Cu(II) salt, the side reaction was turned into a competitive reaction leading to the synthesis of block copolymers.
Such an original structure was confirmed by both DSC and UV-vis analyses. The corresponding DSC thermogram evidenced the presence of an exothermic peak close to 183 °C, which was attributed to thermally activated cross-linking of diacetylenes. The polymerization of diacetylenes moieties was further confirmed by the presence of a broad absorption band at 470 nm in the UV-vis spectrum of the thermally cured copolymer.
Hence, thanks to the ability of the monomers to undergo either Hay coupling or "Click" reaction, a simple tune of the reaction conditions allowed us to obtain three drastically different copolymers from a same set of precursors. These new fluorinated polymers exhibit interesting thermal and thermo-oxidative stabilities by the presence of the triazole ring, which can withstand high thermal temperatures (up to 550 °C) under air. 
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